SAP97 is a membrane cytoskeletal protein localized at the presynaptic nerve terminals of type 1 asymmetric synapses. It has been implicated in the assembly of synapses and in particular in the localization and clustering of ion channels. The C-terminal GK domain of SAP97 shares a high degree of sequence similarity with low-molecular-mass guanylate kinases. These enzymes are involved in the guanine nucleotide metabolic cycle and in the maintenance of GTP/GDP pools required for example in Rasmediated cell signaling. It has therefore been hypothesized that SAP97 plays an essential role in cellular signaling by regulating the guanine nucleotide pools at synaptic junctions. Here, we test this hypothesis by assessing whether the GK domain in SAP97 encodes an authentic guanylate kinase. We show that the GK domain in and of itself does not encode an active guanylate kinase, that it cannot be activated by its binding partner GKAP and that flanking regions are not acting as inhibitory regulators for enzymatic activity. Thus, it would appear that the GK domain of SAP97 is not involved in the metabolism of guanine nucleotides required for signaling events.
active guanylate kinase. A comparison of the GK domain in for catalytic activity. Finally, mutations previously identified in DLG that lead to tumor phenotypes in Drosophila were exam-SAP90/PSD-95 with authentic guanylate kinases revealed that residues involved in GMP binding are completely conserved ined for their ability to convert the putative guanylate kinase in SAP97 into a constitutively active kinase. Our data show that while those involved in phosphate binding of ATP (GXXGXX) are less well conserved or absent [15] . Nonetheless, the rele-SAP97 does not encode an authentic guanylate kinase, neither can it be activated in any of the applied manipulations, nor by vance of these residues for ATP binding appears not to be an issue since SAP90 and SAP97 bind ATP [15, 27] . Moreover, a its novel binding partner GKAP. This indicates that the GK domain is not involved in the metabolism of guanine nucleotides number of ATP-utilizing enzymes use non-classical GXXGXX motifs also called P-loops to bind ATP [28] . In a previous study but has evolved at least one novel function as a site of proteinprotein interaction.
[15], we employed an enzyme coupled guanylate kinase assay to evaluate whether full-length SAP90/PSD-95 encodes an active guanylate kinase. This initial study failed to detect any enzymatic activity. However, given the low sensitivity of this assay, EXPERIMENTAL PROCEDURES difficulties encountered by others in detecting enzymatic activity in eukaryotic enzymes expressed in bacteria [29] , and the possiConstruction, expression and purification of SAP97 and GKAP fusion proteins. A SAP97 cDNA clone 31f2 that lacks bility that additional factors may regulate putative enzymatic activity, the important issue of whether the GK domain in mem-insert I1 (amino acids 161Ϫ194) but contains insert I3 (amino acids 669Ϫ701) was used as a template for all constructs. Cited bers of this family encode authentic guanylate kinases remains unresolved.
amino acid residues are based on those reported for SAP97 containing I1, I2 and I4 [1] . Glutathione S-transferase (GST) fusion In the present study, we have investigated whether SAP97 purified from rat brain is catalytically active. In addition, full-constructs containing the entire open reading frame from SAP97 (GSTϪSAP97), the SH3 and GK domains (SAP97ϪSH3/GK ; length SAP97 expressed in yeast was tested for its ability to complement a guanylate kinase deficiency. Furthermore, we ex-amino acids 573Ϫ908), or the GK domain (SAP97-GK; amino acids 709Ϫ908) were amplified by PCR and subcloned in-frame amined whether regions flanking the GK domain of SAP97 act as negative regulators, or whether GKAP is a cofactor necessary into the pGEX-2T vector (Pharmacia) as previously described [1] . Two dlg mutations, dlg sw (swiveled willie) and dlg m30 , that containing dextrose (YPD) or galactose (YPG). Competent cells were prepared by the LiAc method and transfected as described result in a DLG phenotype [18] were also introduced into SAP97. To create the dlg sw mutation in SAP97 (SAP97 sw ), the in the Matchmaker Two-Hybrid System protocols (Clontech). SAP97 was expressed in Saccharomyces cerevisiae after sub-12 C-terminal residues of SAP97 (amino acids 897Ϫ908) were removed by PCR. The SAP97 sw construct and one with only GK cloning the open reading frame of SAP97 from pRK174-SAP97 [1] into the yeast vector pYADH1 [30] . pYADH1 (SAP97, sequences (SAP97ϪGK sw ; amino acids 709Ϫ896) were subcloned in-frame into the pGEX-2T vector (GSTϪSAP97 sw and URA3) was transformed into YPH501 and plated onto SG lacking leucine and uracil. Liquid SG medium lacking leucine and GSTϪSAP97ϪGK sw , respectively). The dlg m30 mutation which is a single amino acid substitution of leucine to proline in the uracil was inoculated with YPH501 colonies from these plates and grown overnight at 30°C before they were diluted 1:50 into SH3 domain [6, 19] was introduced into SAP97 (Leu612→Pro; SAP97 m30 ) using the in vitro mutagenesis system Altered Sites SD medium lacking leucine and uracil. Again, samples were grown at 30°C and 5-ml aliquots were taken at the indicated II (Promega).
The coding region of the yeast guanylate kinase (YGK) was time points for protein extraction. Preparation of total yeast cell lysate. Cultures of 5 ml were isolated from genomic yeast DNA by PCR cloning (sense, 5′-CGGGATCCATATGTCCCGTCCTATCGTA-3′; antisense, 5′-centrifuged at 700ϫg, and the pellets washed in 1 ml sterile water. After a brief centrifugation to remove most of the water, CGGGATCCAGATCTTCATTTTTCTGCAAAGATAAAA-3 ′ ) and subcloned into the pGEX-3X vector (Pharmacia) to create cells were carefully precipitated twice with 1 ml ice-cold acetone and air dried. Thereafter, cells were resuspended in 150 ml a GSTϪYGK fusion protein. The GK domain (amino acids 705Ϫ908) from SAP97 was replaced with the YGK sequences of 2ϫSDS sample buffer (100 mM Tris/HCl, pH 6.8, 300 mM 2-mercaptoethanol, 4% SDS, 0.2% bromophenolblue, 20% glycto create a SAP97ϪYGK hybrid (SAP97/YGK) by PCR cloning amino acids 1Ϫ704 of SAP97 flanked by EcoR1 and BamH1 erol) containing glass beads to about 1/3 of sample volume.
Cells were ruptured after extensive vortex mixing. Supernatants sites and the YGK with BamH1ϪBglII. In addition, the SW sequences from SAP97 (amino acids 897Ϫ908) was attached to obtained after a 30 s centrifugation in an Eppendorf microcentrifuge were transferred to a fresh tube, boiled and loaded the C-terminus of the YGK by PCR cloning. The P-loop in SAP97 (amino acids 717Ϫ721) was corrected to conform to that onto a SDS/10% polyacrylamide gel.
Sporulation and tetrad analysis of yeast cells. Sporulation found in YGK (G P S G T G K S) by PCR mutagenesis and cloned into the bacterial expression vector pJC20[HisC] [30] . was performed with heterozygous diploid YPH501(a/a, LEU2-GAL10-GUK/GUK) containing either pYADH-SAP97, pYThe GKAP clones His 6 ϪGKAP (full length) and His 6 ϪGKAP-(28Ϫ79)-peptide (amino acids 28Ϫ79) expressed as hexahisti-ADH-GUK1, or no plasmid. A second set of experiments was done with heterozygous AG430 (a/a [GUK1/guk1::HIS3] his3/ dine (His 6) fusion proteins in the pRSETB vector (Invitrogen) have been described previously [25] . Synthesis of recombinant his3, leu2/leu2) containing pYEp512N-YGK, pYEp512N-YGK/ SW, or pYEp512N-SAP97/YGK hybrid as described previously proteins in the bacteria strain DH5a (Stratagene) was induced by the addition of 1 mM isopropyl thio-β-D-galactopyranoside [33] . In brief, yeast cells were streaked onto sporulation plates [35] and incubated at room temperature for 7Ϫ10 days. After to bacterial cultures for 3.5 h at 37°C. Fusion proteins were purified using glutathione agarose (Sigma) for GST fusions, or Ni-sporulation, asci observed on slides were lifted with a toothpick and carefully resuspended in 50 ml of 1/40 diluted Nee-154-nitrilotriacetic acid resin (Invitrogen) for His 6 fusions as described by the manufacturers and protein concentrations deter-glusulase (DuPont). The mixture was diluted 1:4 in sterile water, after a 40-min incubation at room temperature, placed in the mined with the Coomassie Plus protein assay reagent (Pierce). Recombinant SAP97 was also expressed in bacteria via the middle of a YPD plate (for YPH501) or YPG plate (for AG430) and tetrads were dissected under a stereo-microscope. SubsepRK174 vector and the expressed protein affinity purified via its high-affinity binding to the T/SXV motif as described pre-quently, haploid cells were grown at 30°C for 2Ϫ3 days and analyzed for colony growth. viously [5] .
Guanylate kinase assay. GST fusion proteins were tested Partial purification of SAP97 from rat brain. 6Ϫ8 g brain were isolated from Sprague Dawley rats, homogenized with a for guanylate kinase activity utilizing an in vitro assay as described by Gentry et al. [31] . In this assay, the 32 P-labeled γ-Dounce homogenizer on ice in 25 mM Tris/HCl, pH 8.5, 1 mM MgCl 2 , 1 mM ZnCl 2 , 300 mM sucrose, protease inhibitors phosphate of ATP (Amersham) was transferred onto GMP yielding [β-32 P]GDP. Radiolabeled nucleotides were separated (40 mM aprotinin, 10 mM pepstatin, 10 mM leupeptin, 100 mM phenylmethylsulfonyl fluoride), and centrifuged at 700ϫg for on TLC plates (Merck) and spots quantified by a densitometer (Biorad). Guanylate kinase activity was also measured by an 10 min at 4°C. Supernatants were collected, centrifuged at 100 000ϫg for 1 h at 4°C and loaded onto a DEAE Sephacel enzyme coupled assay as previously described [30] .
Yeast strains, media, and genetic techniques. The yeast HR 10/10 column (Pharmacia). Proteins were eluted with a 0.0 to 0.5 M NaCl gradient in 20 mM Tris/HCl, pH 8.5, 2 mM strain AG430 (a/a, GUK1/guk1::HIS3, his3/his3, leu2/leu2) and the expression vector pYEp512 (LEU2-GAL10-GUK1) contain-MgCl 2 at 0.2 ml/min. Column fractions were collected, assayed for guanylate kinase activity [31] and processed for Western ing the yeast guanylate kinase gene 1 (GUK1) used in these studies have been previously described [30] . The diploid yeast analysis as previously described [1] . Fractions containing SAP97 were pooled, concentrated in Amicon Centripreps, to a strain YPH501(a/a, LEU2-GAL10-GUK1/GUK1, ade2/ade2, his3/his3, leu2/leu2, lys2/lys2, trp1/trp1, ura3/ura3) was derived final volume of 0.5 ml, and loaded onto a Superose 12 HR 10/ 30 column (Pharmacia) equilibrated and run in 20 mM Tris/HCl from the strain YPH501 [32] by replacing one GUK1 allele with the GAL 10-GUK1 construct using the procedure described be-pH 8.5, 2 mM MgCl 2 , 150 mM NaCl at 0.5 ml/min. Fractions of 0.5 ml were collected and assayed for SAP97 and guanylate fore [33] . The pYADH1 (GUK-HisC-tag-URA3) vector was constructed (Schüle, T. and Konrad, M., unpublished data) by kinase activity.
ELISA. Binding between regions of SAP97 and GKAP were integrating the yeast alcohol dehydrogenase gene (ADH1) promoter [34] and the GUK1 coding region with C-terminal HisC-assessed by an ELISA essential as previously described [5] . In brief, 0.1 mM His 6ϪGKAP or His6ϪGKAP-(28Ϫ79)-peptide tag into the pYES2 vector (Invitrogen). Yeast cells were grown and maintained in minimal synthetic medium (Difco) containing were bound to the wells of a 96-well MaxiSorp immunoplate (Nunc) in 125 mM boric acid, 75 mM NaCl (buffer A) at pH 8.5. dextrose (SD), galactose (SG) or complete YP-media (Difco) Plates were incubated overnight at 4°C, washed and blocked for transformed with recombinant SAP97 (B) or GUK1 (C). Spores were 6 h at 4°C. After washing twice in 125 mM sodium borate, dissected from tetrades. Viable spores grow into colonies on dextrose 150 mM NaCl, 2 mM MgCl 2 (buffer B) at pH 7.5, serial dilucontaining rich medium. Numbers one to four indicate the position of tions of purified GST-fusion proteins in buffer B were added colonies that grew from single spores. Letters designate the position of and allowed to bind overnight at 4°C. Plates were washed twice dissected tetrades. in buffer B, and blocked with buffer B plus 1% BSA for 6 h at 4°C before an overnight incubation at 4°C with a rabbit anti-GST polyclonal antibody (1 :2000) . After 4 h in goat anti-rab-pressed as a fusion protein with GST was used as a positive bitϪconjugated alkaline phosphatase (1:2000) (Jackson Im-control. With 10 ng of pure GSTϪYGK, two radioactive spots muno-Res Lab) and washing, p-nitrophenyl phosphate (Sigma; representing [γ-32 P]ATP and [γ-32 P]GDP could be easily detected 1 mg/ml) in substrate buffer (0.1 mM MgCl 2 , 5 % by vol. dietha- (Fig. 2 B) . However, when GSTϪSAP97 was tested for its abilnolamine, pH 9.8) was added. The color reaction was stopped ity to generate [β- 32 P]GDP only an [γ-32 P]ATP spot was obwith 3 M NaOH, and absorbance at 405 nm was determined with served, even when 10 µg of SAP97 was used (Fig. 2 B) . The a microplate reader (Cambridge Technology Incorporated). potential inhibitory effects of GST sequences on the putative Values from each experiment were averaged and base line guanylate kinase activity was tested by expressing only the open absorbance from GST values subtracted before plotting absor-reading frame of SAP97 in bacteria in the pRK174 vector [1] . bance at 405 nm versus log [GST-fusion protein] (µM). The data SAP97 was separated from endogenous guanylate kinases by were fit with the Hill equation (A ϭ A max /1ϩ[EC 50 /[X]] n ) using affinity purification with GST-T/SXV [5] . Again, no measurable a non-linear least-squares algorithm. All assays were repeated guanylate kinase activity was detected (Fig. 2 B) . three times in duplicates.
SAP97 cannot rescue mutations in YGK.
Yeast have but a single gene encoding a low-molecular-mass guanylate kinase.
RESULTS
Knockout mutations of this gene, guk1, have been shown to be recessive lethal [30] . To evaluate whether SAP97 may possess Analysis of guanylate kinase activity in bacterially expressed GST−SAP97 fusion proteins. Based on striking sequence simi-at least residual levels of guanylate kinase activity, we tested whether full-length recombinant SAP97 could rescue null mutalarity to the low-molecular-mass guanylate kinase from yeast (YGK) (Fig. 1 B) , we initially tested for the presence of endoge-tions in guk1. This was accomplished by driving expression of SAP97 by the constitutive ADH1 promoter in the yeast strain nous guanylate kinase activity in recombinant SAP97 expressed in and purified from bacteria employing a one step guanylate YPH501 [30] . This diploid strain carries one of the two GUK1 copies under the control of the GAL10 promoter. Thus, haploid kinase assay that follows the transfer of the radiolabeled γ-phosphate of ATP to GMP by TLC. The yeast guanylate kinase ex-yeast strains carrying the LEU2-GAL10-GUK1 construct only (Fig. 3 A) . Protein extracts of diploid YPH501 transfected with pYADH-SAP97 were prepared over a 64-h period and separated on a SDS/10% polyacrylamide gel. At all time points, an immunoreactive band of 120 kDa could be detected (Fig. 3 A) . The mobility of this band was identical to that of SAP97 present in rat brain homogenates (Fig. 3A) . To determine whether SAP97 could rescue the recessive lethality imposed on haploid cells harboring deletions in the guk1 gene, yeast cell lines expressing SAP97 were subjected to tetrad analysis. SAP97 expressing cell lines were grown on sporulation inducing medium. Spores were segregated and grown on YP medium containing dextrose. If complementation occurred, four viable spores should be observed in contrast to two spores in the case of no rescue. The GUK1 gene cloned into pYAHD1 served as positive control. All analyzed tetrads of SAP97-transfected yeast cells gave rise to only two viable spores (Fig. 3 B) . Each of these viable haploid lines were tested and found to still produce SAP97 as assessed by western blotting (Fig. 3A) . In the positive control, all four spores were viable in 70% of the dissected asci (Fig. 3C ). These data demonstrate that SAP97 cannot complement GUK1-deficient yeast and in its fulllength form does not harbor an active guanylate kinase when expressed in yeast.
In vitro analysis of guanylate kinase activity of SAP97 expressed in rat brain. Given that neither bacteria nor yeast normally express SAP97 homologs, it is possible that the lack of Fig. 4 . Purification of SAP97 and Low molecular mass guanylate guanylate kinase activity in SAP97 is due to the absence of post-kinases from rat brain homogenates. (A) 100000ϫg supernatants translational modifications such as phosphorylation that nor-from rat brain homogenates were separated on an ion-exchange DEAE mally occur in vivo. Therefore, SAP97 was tested for guanylate Sephacel HR 10/10 column and the elution profile was followed at kinase activity after purification from rat brain homogenates. 254 nm (black lines). Fractions of 2 ml were collected and assayed for guanylate kinase activity with the in vitro single-step assay (gray area) or About 30% of SAP97 present in brain homogenates is found in for SAP97 by immunoblotting (black columns). (B) SAP97 containing the cytosol [1] , whereas this fraction contains over 90% of the fractions were pooled (underlining bar in A), concentrated and separated guanylate kinase activity (data not shown). The contribution of over a gel filtration Superose 12 HR column. Half ml fractions were SAP97 to the guanylate kinase activity present in cytosol was collected and assayed for guanylate kinase activity (gray area) and the assessed using conventional chromatographic methods to sepa-presence of SAP97 (black columns). Guanylate kinase activity and levels rate SAP97 from low-molecular-mass guanylate kinases. The of SAP97/fraction were plotted as percentage of the total amount defirst step involved fractionating the cytosol from postnatal day tected. 30 rat brain by ion-exchange chromatography. Guanylate kinase activity was present in overlapping fractions with SAP97 (Fig. 4A) . The SAP97-containing samples were pooled, concen-activity in SAP97 (Fig. 5 A) . This amino acid substitution in the SH3 domain of DLG (dlg m30 ) causes a dramatic effect on septate trated, and subsequently separated on a gel-filtration column (Fig. 4 B) . However, after gel-filtration chromatography, the gua-junctions [6, 19Ϫ21] . Although the regions flanking and including Leu612 are conserved between DLG and SAP97, no effect nylate kinase activity could clearly be separated from SAP97 (Fig. 4 B) . These data indicate that SAP97 expressed in rat brain on the putative guanylate kinase activity could be detected in SAP97 m30 (Fig. 5 A) . We therefore also examined whether the does not possess an active guanylate kinase.
removal of the entire SH3 domain activated the dormant guanylate kinase (SAP97-GK). Again no effect was observed Involvement of protein sequences possibly acting as intramolecular negative regulators of the putative guanylate kinase (Fig. 5 A) . A second mutation described in dlg, which has profound effects on the tumor suppressor activity of DLG is (dlg sw ) activity in SAP97. Deletions of amino acid sequences flanking the GK domain in DLG, the Drosophila homolog of SAP97, [18] . In dlg sw , the C-terminal 12 amino acid residues extending beyond the GK domain in DLG are deleted [18] . This sequence have been shown to result in the discs large phenotype [6, 18Ϫ 21]. We therefore investigated whether these flanking sequences is highly conserved in the C-terminal tail of SAP97 (Fig. 1 B) .
No guanylate kinase activity was detectable in either SAP97 sw act as negative regulators of the putative guanylate kinase activity in SAP97. This was accomplished by the systematic removal or SAP97-GK sw (Fig. 5 A) . To complete these studies on the potential role of GK flankof sequences that flank the GK domain in SAP97 and then testing the remaining sequences fused to GST for guanylate kinase ing sequences on the putative guanylate kinase activity in SAP97, a number of deletion and hybrid constructs were evalactivity. A list of the deletion constructs and point mutations tested are illustrated in Fig. 5 . A possible influence of the PDZ uated forguanylate kinase activity (Fig. 5 B) using an in vitro enzyme coupled guanylate kinase assay [30] . To assess whether domains was assessed by removing the PDZ domains (Fig. 5 A) . However, the putative guanylate kinase was not activated. A role the SW sequence was perhaps inhibitory, the C-terminal 12 amino acid residues from SAP97 were attached to the C-termiof the SH3 domain was investigated by first testing the effect of a Leu612→Pro substitution (SAP97 m30 ) on guanylate kinase nus of YGK (YGKϪSW). This construct was found to be as GSTϪSAP97, GSTϪSAP97-GK, GSTϪSAP90, GSTϪSAP90-GK) nylate kinase activity. (A) Recombinant GSTϪSAP97 fusion constructs that were serially diluted (1 :1). Binding of GST fusion proteins was were generated to assess the effect of sequences neighboring the GK detected with an anti-GST antibody and monitored as absorbance at domain on putative guanylate kinase activity. These include full-length 405 nm with a microplate reader after an alkaline phosphatase-dependent wild-type SAP97; SAP97, in which a Leu612→Pro (SAP97 m30 ) substitucolor reaction. Absorption was converted into relative binding by taking tion in the SH3 domain (*) was made ; deletions of the last 12 amino the value for maximum binding as 100%. (C) In vitro guanylate kinase acid residues (SAP97 SW ) ; of PDZ1-3 (SAP97ϪSH3/GK); of PDZ1-SH3 assays of GKAP (negative control) and GSTϪYGK (positive control), (SAP97-GK); and of PDZ1-SH3 plus the last 12 amino acid residues GST, GSTϪSAP97, GSTϪSAP97-GK, GSTϪSAP90, or GSTϪSAP90-(SAP97-GK SW ). As control GSTϪYGK was used. Constructs were puri-GK in the presence (ϩ) or absence (Ϫ) of His 6ϪGKAP. Radiolabeled fied as GST-fusion proteins and evaluated for their ability to produce [β-nucleotides were separated on TLC plates and visualized by exposure to 32 P]GDP after 30 min in the one step guanylate kinase assay. (B) Hybrids X-ray film. Guanylate kinase activity is indicated by the appearance of between YGK and SAP97 were generated to assess the effect of SAP97 a [β-32 P]GDP spot. sequences on the recombinant YGK. Purified His-tagged fusion proteins of the YGK, YGK plus SW sequences (GPYIWVPAKEKL) (YGKϪ SW), SAP97-GK (amino acids 687Ϫ908) or SAP97-GK plus the YGK P-loop (GPSGTKS) were tested in an enzyme coupled guanylate kinase active as the unaltered YGK (Fig. 5 B) . It was previously sugassay. (C) SAP97 and hybrid constructs with YGK sequences were asgested that members of the SAP97 family may lack guanylate sessed for guanylate kinase activity by yeast guk1 complementation. kinase activity due to the absence of several amino acid residues These include full-length SAP97, His-tagged YGK, YGK plus amino that form the P-loop [15] . This hypothesis was tested by modifyacid residues 1Ϫ708 of SAP97 (SAP97-YGK) or YGK plus the SW ing the P-loop region of SAP97 to conform to that found in YGK (Fig. 1 B) . No guanylate kinase activity could be detected Coomassie blue stained SDS/PAGE of purified SAP97 and YGK fusion in this molecule (Fig. 5 B) . complement GUK1-deficient yeast (Fig. 5 C) . These included SW; lane 9, HisϪSAP97-GK amino acids 687Ϫ908 ; lane 10, HisϪ YGKϪSW and a SAP97ϪYGK hybrid in which the GK domain SAP97-GKϩP-loop. of SAP97 was replaced by the YGK sequences. Both hybrids were able to complement the GUK1 deficiency (Fig. 5 C) 
both experiments could be due to low sensitivity of the assay and/or protein stability, we of itself the GK domain in SAP97 does not encode an active guanylate kinase. also expressed SAP97 in yeast to assess its ability to compensate the loss of endogenous guanylate kinase activity in a GUK1-deficient yeast strain. This approach has been particularly useful Effect of GKAP binding on guanylate kinase activity in for mammalian proteins with low or labile enzymatic activity SAP90 and SAP97. GKAP was recently identified as a synaptic [29] . In contrast to the mouse and human guanylate kinases protein expressed in rat brain that binds the GK domain of which lack enzymatic activity when expressed in bacteria yet SAP97 and SAP90 in vitro [25] . Hence, GKAP could be a pocan complement the yeast GUK1 deficiency (Spangenberg, O. tential activator for the putative guanylate kinase activity in and Konrad, M., unpublished results), SAP97 did not rescue the SAP97 or SAP90. This assumption was tested by initially as-GUK1 deficiency, providing strong evidence that the GK dosessing the binding affinity of GKAP for the GK domain in main does not encode an active guanylate kinase or that its activboth proteins using an ELISA assay. Full length GKAP (His 6 Ϫ ity is blocked. GKAP) or an N-terminal construct containing a minimal GK Given that SAP97 is a multi-domain protein, the lack of kibinding motif (His 6 ϪGKAP-(28Ϫ79)-peptide) were bound to nase activity in SAP97 could be due to inhibitory effects of ELISA plates and incubated with different GSTϪSAP97 and neighboring sequences or domains, e.g. the SH3 domain. This GSTϪSAP90 fusion constructs (Fig. 6) . His 6ϪGKAP bound scenario has previously been observed for the SH3 domain in GSTϪSAP90 with a similar binding affinity compared to the src [38] and the pseudo-substrate domain in protein kinase-C GK domains of SAP90 (SAP90-GK) and SAP97 (SAP97-GK) [39] . Three strategies were taken to evaluate this possibility. The alone (Fig. 6A) . However, GSTϪSAP97 exhibited about a 30Ϫ first involved the systematic removal of domains that may act 50-fold higher affinity compared with the other fusion constructs as negative regulators. The second was to create chimeras bewith a half-maximal binding of 0.05 mM. In contrast, His 6 Ϫ tween the YGK and various SAP97 sequences to investigate GKAP-(28Ϫ79)-peptide was found to bind GST-SAP97 with a whether regions flanking the GK domain in SAP97 exert an half-maximal binding of 0.03 mM and at least 30-times stronger inhibitory effect on a known guanylate kinase. Third m30 and than GSTϪSAP90 (0.9 mM ; Fig. 6 B) . The GK domains of sw mutations that cause the DLG phenotype [6, 18, 19 , 21] were SAP90 (SAP90-GK) and SAP97 (SAP97-GK) bound His 6Ϫ introduced into SAP97 to examine whether they can perhaps GKAP-(28Ϫ79)-peptide ten times more strongly than GSTϪ inactivate a negative regulator of the putative guanylate kinase. SAP90, but three-times more weakly than GSTϪSAP97.
These manipulations, however, did not activate the quiescent To test whether GKAP can activate the dormant guanylate guanylate kinase activity in SAP97, nor did they inhibit catalytic kinase in SAP97 and SAP90, equal molar amounts of either activity in the YGK. Two conclusion can be drawn form these His 6 ϪGKAP or His 6 ϪGKAP-(28Ϫ79)-peptide, and GSTϪ studies. First, flanking regions of the GK domain in SAP97 do SAP97, GSTϪSAP97-GK, GSTϪSAP90-GK or GSTϪSAP90 not regulate its potential enzymatic activity. Second, the develwere mixed and analyzed in the one-step guanylate kinase assay.
opment of tumors in Drosophila due to the m30 and sw muta-GSTϪYGK, GST and His 6 ϪGKAP served as controls. Only the tions in DLG [6, 18, 19 , 21] appear not to be a consequence of GSTϪYGK samples exhibited guanylate kinase activity in the guanylate kinase activation. presence and absence of GKAP (Fig. 6C) . Thus, GKAP neither An alternative explanation for the absence of guanylate kipossesses any guanylate kinase activity nor did it activate the nase activity in SAP97 is that the GK domain is but one subunit dormant guanylate kinase in SAP97 or SAP90.
of a holoenzyme. The observation that GKAP and SAPAP bind the GK domain of SAPs [25, 26] with high affinity raised the issue that they may act as a cofactor, capable of activating the DISCUSSION dormant kinase. This does not appear to be the case since no guanylate kinase activity could be detected in GKAP or when The disruption of synaptic function and the induced formation of tumors in Drosophila as a result of mutations in the GK GKAP was mixed at ratios found to saturate binding to SAP97 or SAP90. We therefore conclude that GKAP binding to the GK domain in DLG [6, 18, 19, 21] underscores the need to define the signaling mechanism transduced through this domain. The domain does not modulate its putative catalytic activity.
Taken together, these results demonstrate that SAP97 does identification of GKAP and SAPAPs as vertebrate GK domain binding partners [25, 26] indicate that this C-terminal domain not encode a membrane-associated guanylate kinase. Thus, our data do not support the original hypothesis that members of the of SAPs is in direct contact with other components of synaptic junctions. However, it remains unclear what essential role the SAP97 family are tied to cell-signaling pathways by regulating the metabolism of guanine nucleotides. Why then do SAPs pos-GK domain performs. Possibilities include a role (a) as a guanylate kinase in regulating the metabolism of guanine nucleotides sess a domain that exhibits a high degree of sequence similarity with guanylate kinases [1, 15, 18, 23, 24] ? The ability of the at the plasma membrane, (b) as an adapter molecule analogous to Grb2/Sem5 [36] or (c) as a G-protein like signaling domain GK domain to bind GKAP and SAPAPs indicate that it has acquired a structural attribute. This concept is supported by the [37] .
Based on the striking sequence similarity of the GK domain presence of GK domains in the family of membrane-associated guanylate kinase homologs (MAGUK) [40, 41] . Among these of SAP97 with low-molecular-mass guanylate kinases [1, 15] , we examined whether SAP97 encodes an active membrane-cytoskeletal proteins are the zonula occludens proteins ZO-1
[42] and ZO-2 [43], the erythrocyte protein p55 [44] and the bound guanylate kinase and whether regions flanking the GK domain, its binding partners or mutations identified in DLG Caenorhabditis elegans protein LIN-2 [45] each exhibiting a varying degree of similarity with YGK [15] (Fig. 1 B) . For exinfluence this potential catalytic activity. When SAP97 was expressed and purified from bacteria no measurable guanylate ample, p55 and LIN-2 have conserved ATP-binding and GMPbinding motifs, while SAP97 and DLG retain primarily amino kinase activity was detected. This result is analogous to that reported for SAP90 [15] . Similarly, no detectable kinase activity acid residues involved in GMP binding and ZO-1 and ZO-2 lack both [15, 41, 46] . Only LIN-2 has been observed to exhibit any was observed in affinity-purified SAP97 from rat brain homoge-11. Matsumine, A., Ogai, A., Senda, T., Okumura, N., Satoh, K., Baeg, guanylate kinase activity (Kim, S., personal communication). G., Kawahara, T., Kobayashi, S., Okada, M., Toyoshima, K. & However, even here the guanylate kinase activity appears to be Akiyama, T. (1996) Binding of APC to the human homolog of dispensable since mutant lin-2 transgenes designed to disrupt the the Drosophila discs large tumor suppressor protein, Science 272, guanine binding site are functional during vulva induction in C.
1020Ϫ1023.
elegans [45] . Thus, it would appear that the GK domains in 12. Songyang, Z., Fanning, A., Fu, C., Xu, J., Marfatia, S., Chishti, A., these proteins have evolved, utilizing the backbone of guanylate 
